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Abstract: Agricultural substrates (maize silage and cat-
tle manure) were used to carry out methane fermentation
process in bioreactors under laboratory conditions. Iden-
tical mixtures of these substrates were incubated for 43
days at 20, 30 and 40ºC to determine how dierent tem-
perature conditions aect the δ13C(CH4), δH(CH4), and
δ13C(CO2) values. To ensure correct anaerobic digestion,
the following parameters of the organic substrates and fer-
mentation solutions were monitored: total organic carbon
(TOC), volatile solids (VS), volatile fatty acids (VFA), chem-
ical oxygen demand (COD) and carbon to nitrogen ratio
(C/N). The variants with higher incubation temperature
yielded higher amounts of biogas (20ºC=84.5, 30ºC=101.8
and 40ºC=133.3 dm3/kg VS). In the case of gas prod-
ucts of methane fermentation, it was observed that the
higher temperature of incubation aects the depletion in
heavy isotopes. At 20ºC, 30ºC, and 40ºC mean values of
δ13C(CH4) reached −26.4, −29.7, and −35.4h, respec-
tively. Mean values of δ2H(CH4) were −311.6, −354.0,
and −398.5permil, and of δ13C(CO2) +8.9, +3.7, and
−2.3h, respectively. Moreover, the apparent fractiona-
tion coecient α13C(CO2-CH4) were calculated, which de-
creased when the temperature increased. This isotopic
tool was used to identify acetoclastic reaction as a dom-
inant methanogenesis pathway. Observed changes in the
isotopic composition of gaseous products obtained at dif-
ferent incubation temperatures may indicate decomposi-
tion of dierent carbon sources (e.g. lactate, propionate) to
acetate and its fermentation by acetoclastic methanogens.
It is possible that this was also related to the observa-
tion of the various metabolic models due to the varied
methanogenic community composition.
Keywords: anaerobic digestion, temperature, fermenta-
tion pathways, stable isotopes, agricultural substrates
1 Introduction
Anaerobic digestion (AD) is a microbiological decompo-
sition of high molecular organic compounds yielding,
among others, methane and carbon dioxide [1, 2]. A spe-
cic community of hydrolysing and acetogenic microor-
ganisms as well as acetoclastic methanogens (Archaea),
is responsible for the methane fermentation process [3].
Such processes are observed inmany environments, eg. in
marshes, wetlands, river sediments, in many coal basins,
on landlls, as well as in the digestive tract of rumi-
nants [16, 47].
AD depends on a number of physical and chemi-
cal factors, including chemical composition of the sub-
strate, nutrient concentration, fermentation temperature,
pH, volatile fatty acid composition, total nitrogen content,
toxic substance content, hydration, salinity and dissolved
oxygen level. These factors may stimulate or inhibit the
speed and eciency of the biological conversion of or-
ganic matter [4–7].
Research in the area of isotope geochemistry, includ-
ing isotopic ngerprints of carbon and hydrogen, are com-
monly used to distinguish gas origin (thermogenic, bio-
genic), and to distinguish the main methane generation
pathways [45, 46]. In natural environment methane pro-
duction usually follows two main paths (apart from oth-
ers) [8]. It is either a product of a biological decomposi-
tion of acetic acid by heterotrophic microorganisms [9] or
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reduction of carbon dioxide by autotrophic microorgan-
isms [10]. According to Fey et al. [11], in natural environ-
ment, methane production is most often observed via ace-
toclastic methanogenesis, and then via hydrogenotrophic
methanogenesis. Whiticar et al. [12] noticed that the iso-
topic composition of carbon in themethane generateddur-
ing decomposition of acetic acid ranged from −60h to
−33h, while for the methane produced from carbon diox-
ide the value of δ13C varied from −110h to −60h. Sta-
ble isotope analysis of carbon and hydrogen in raw mate-
rials and fermentation productsmight be useful to identify
metabolic pathways of the fermentation [13, 14]. It is also
a tool used to monitoring and describing the AD process
state [15]. The isotopic analysis is important in studies on
methane fermentation as it improves our understanding of
complexbiological processes. It allows for determining the
eciency of the methanogenesis and enables preliminary
identication of carbon sources preferred by themethane-
producing microorganisms [16].
Research on the interactions between bacterial
methanogenesis and methanotropy are still in the
area of interest among geochemists and microbiolo-
gists [16, 35, 45, 46]. This article outlines a way to identify
methanogenic pathways in a precise manner using
techniques related to stable isotope mass spectrometry.
Moreover, it is possible to track changes in biogas pro-
duction and the isotopic composition of substrates and
products depending on the temperature used during
methane fermentation. In these experiments agricultural
raw materials such as maize silage and cattle manure
served as substrates for experimental methane fermenta-
tion in bioreactors under controlled laboratory conditions.
Bioreactors contained identical proportions of substrates,
but were run under dierent temperature (20, 30 and
40ºC).
2 Materials and methods
2.1 Basic laboratory analyses
Laboratory analyses of the raw materials and tap water
preceded the fermentation experiments. Determination of
total solids (TS) followed PN-EN 12880:2004 standard [36],
and of volatile solids (VS) PN-EN 12879:2004 standard [37].
Total nitrogen was measured by Kjeldahl method [39]
and ammonium nitrogen by photometric method (Photo-
Lab 6600 UV-VIS) [43]. Total organic carbon (TOC) was
determined with a dry combustion method [44]. Chem-
ical oxygen demand (COD) was assessed as per PN-ISO
6060:2006 standard [38], and the content of volatile fatty
acids (VFA) by extraction coupled with gas chromatog-
raphy [40]. Among the analyzes regarding the tap water
(TW), determination of the ammonium ion (NH4+) was
carried out in accordancewith the PN-ISO 7150: 1: 2002 [41]
standard, free and combined chlorine according to the PN-
EN ISO 7393-2: 2011 [42] standard.
2.2 Design of anaerobic digestion
experiments
Maize silage and cattlemanurewere used for fermentation
experiments. The research was conducted in three Sarto-
rius Biostat A Plus bioreactors with a working capacity of
6.5 dm3, and the ability to control physical and chemical
parameters (pH, temperature, oxygen content and redox
potential). Raw materials (200 g maize silage + 200 g cat-
tle manure) were placed in the bioreactors lled with 4.6
dm3 of tap water and set to three dierent temperatures
(20◦C, 30◦C, 40◦C). Experiments were named FA=20◦C,
FB=30◦C and FC= 40◦C. The fermentation chambers were
closed with a tight lid preventing gas exchange. Incuba-
tion was carried out for 43 days. The temperature was
maintained by a heating mantle and a cooler, connected
to each fermentation chamber. Methane fermentation pa-
rameters (temperature and solution mixing speed) were
set using PC-based operation software and controlled by
µDCU software installed on the control unit. The chamber
content was stirred with a mechanical paddle at 60 rpm to
maintain a constant temperature of the entire batch. The
pH value was monitored with Hamilton Easyferm plus K8
325 process electrode, and oxygen content with Hamilton
Oxyferm FDA 325 process electrode.
To determine qualitative and quantitative composi-
tionof the gas released in thebioreactors,wemeasured the
volume of the generated biogas (overpressured gas) with
a syringe each day and collected samples for chromato-
graphic and isotopic analysis. We used a ame-sterilized
syringe needle. The gas was collected into sealed glass
ampoules (20 cm3) with a PTFE septum, lled with redis-
tilled water and stored in a refrigerator at 4◦C. Concentra-
tion of methane in the biogas was determined using gas
chromatograph AGILENT 7890A in Laboratory of Oil and
Gas Geochemistry at the Oil and Gas Institute in Krakow,
equipped with FID, TCD detectors. For chromatographic
analysis at least 1 cm3 of the biogas was used. Analytical
error of the tests was ± 1%.
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2.3 Isotopic analysis
Preparation of the substrates and post-digestion residues
for measurement of carbon isotopes (δ13C) from organic
matter was carried out oine on a vacuum line. The sam-
ples were placed in quartz vials with copper oxide and
burned at 900◦C. The combustion productswere cryogeni-
cally separated to obtain pure CO2 [14], which was sub-
jected to isotopic ratio measuring with a mass spectrom-
eter. The results were normalized to international V-PDB
standards. The measurement error was 0.3h.
Gas products (headspace gas) were analyzed for
δ13C(CH4), δ13C(CO2), and δ2H(CH4). Gas samples were
prepared oine on the vacuum line. In order to separate
the biogas components, approximately 4-5 cm3 of the gas
were injected on the vacuum line through a teon septum.
Next, carbon dioxide andwater (moisture from the biogas)
were frozen on a spiral trap using liquid nitrogen. The bio-
gas fraction not frozen in the presence of liquid nitrogen
(e.g. methane), was adsorbed on molecular sieves cooled
with liquid nitrogen. The methane deposited on the sieves
was heated up to room temperature, dosed in aliquots
and burned in a furnace with copper oxide at 900◦C. The
gases resulting from the combustion of methane (CO2 and
H2O) were frozen in a spiral trap cooled by liquid nitro-
gen. Then, using amixture of ethanol and dry ice, CO2 was
cryogenically separated fromH2O. The separated CO2 was
frozen in a glass ampoule. As a next step, the spiral trap
was heated to 500◦C and H2O from methane combustion
was collected into another glass ampoule using liquid ni-
trogen. Finally, pure CO2held in a spiral freezer was col-
lected into a glass ampoule. After that, H2O was gathered
in the last glass ampoule and reduced using pre-prepared
activated zinc [17]. The CO2and H2O from methane com-
bustion and CO2 as the primary biogas component were
subjected to mass spectrometry. Composition analysis of
δ13C(CH4), δ2H(CH4) and δ13C(CO2) was carried out on
ThermoScienticDeltaVAdvantage IRMSmass spectrom-
eter. Measurement error for δ13C was 0.1h and for δ2H
2h. The results for C andH isotope ratios were normalized
to international standards Vienna Pee Dee Belemnite (V-
PDB) and Vienna Standard Mean Ocean Water (V-SMOW),
respectively.
3 Results
3.1 Characterization of raw materials and
fermentation solutions
Table 1 presents the results of basic laboratory analyzes of
raw materials and post-digestion residues (fermentation
solutions). TOC of maize silage (MS) and cattle manure
(CM) reached 56.8% and 42.5%, respectively. In the pre-
fermentation solution (F) TOCmeasured in a 1:1 mixture of
MS and CM was 53.6%, while in the fermentation solution
after the incubation experiment at 20◦C the nal TOC was
34.3%, at 30ºC (FB) it was 33.9%, and at 40◦C (FC) 33.5%.
Table 1 also presents δ13C composition in the organic
matter derived from the raw materials. It reached −12.8h
for MS and - 23.3h for CM. The content of δ13C in the or-
ganic matter from the fermentation mixture before the in-
cubation (F) was −16.8h and post-fermentation residues
from three temperature variants (FA 20◦C, FA 30◦C, FA
40◦C) ranged from −17.8 to −24.1h, depending on the
variant. The dierence between the initial and nal iso-
topic composition of the fermentation solutions (∆13Cb-
eh), was in the range from 1.1h to 7.3h.
VS content inMSandCMwas 96.1%and87.5%, respec-
tively. VS of the fermentation solution before experiments
(F) was 94.4%. After incubation it dropped to 71.4% (FA),
70.1% (FB), and 68.6% (FC) (see Table 1). Ammonium and
organic nitrogen equalled 0.2 TS% and 1.5 TS% for MS, 0.9
TS%and 5.3 TS% for CM, and0.7 TS%and 1.9 TS% for F, re-
spectively. C/N ratio for the fermentation mixture (F) was
27.8. COD and VFA measured at the beginning and at the
end of the incubation signicantly decreased, particularly
at higher incubation temperature (see Table 1).
3.2 Biogas production
In each experiment pH ranged from about 5.1 to 7.9, de-
pending on the methane fermentation stage. In the rst
days, acidication usually occurred and then the pH os-
cillated around neutral. As the experiment progressed, we
observed a downward trend in oxygen content in the fer-
mentation solution.
The yield of biogas production was 3.44 in FA vari-
ant, 4.14in FB variant, and in FC was 5.42 mM of gas per
gram of organic carbon (see Fig. 1). At higher experimental
temperatures, the biogas production increased (FA=84.5,
FB=101.8 and FC=133.3dm3/kg VS), and the maximum of
its production occurred sooner, than at the lowest temper-
ature (FA=43 days, FB=36 days, FC=34 days).
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Table 1: Initial and operating geochemical parameters of the experiments.
Sample
Maize
silage
(MS)
Cattle
manure
(CM)
Tap
Wa-
ter
(TW)
F
(MS:CM
mixture,
1:1)
FA 20◦C FB 30◦C FC 40◦C
TOC [%] 56.8 42.5 n.a. 53.6 34.3 33.9 33.5
∆ TOC [%] n.a. n.a. n.a. n.a. 19.3 19.8 20.1
δ13C [h] −12.8 −23.3 n.a. −16.8 −17.8 −22.8 −24.1
∆13C [h] n.a. n.a. n.a. n.a. 1.1 5.9 7.3
VS [%] 96.1 87.5 n.a. 94.4 71.4 70.1 68.6
∆ VS [%] n.a. n.a. n.a. n.a. 23.0 24.3 25.8
N am [TS%] 0.2 0.9 n.a. 0.7 n.a. n.a. n.a.
N org [TS%] 1.5 5.3 n.a. 1.9 n.a. n.a. n.a.
C/N 38.4 8.1 n.a. 27.8 n.a. n.a. n.a.
COD [mg O2/kg TS] n.a. n.a. n.a. 42186 5564 5464 3594
VFA [mg/l] n.a. n.a. n.a. 1504 194 49 124
VFA[mg CH3COOH/l] n.a. n.a. n.a. 1337.6 28.2 4.8 3.9
pH 3.7 7.4 7.5 n.a. n.a. n.a. n.a.
(NH4+) [mg/l] n.a. n.a. <0.05 n.a. n.a. n.a. n.a.
Free chlorine [mg/l] n.a. n.a. <0.03 n.a. n.a. n.a. n.a.
Combined chlorine [mg/l] n.a. n.a. 0.13 n.a. n.a. n.a. n.a.
EC [µS/cm] n.a. n.a. 658 n.a. n.a. n.a. n.a.
n.a. – not analyzed
Figure 1: Biogas production over time in the FA agriculture substrate
incubation experiment.
Figure 2: Biogas production over time in the FB agriculture sub-
strate incubation experiment.
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Figure 3: Biogas production over time in the FC agriculture substrate
incubation experiment.
Gas chromatography rst detected methane pres-
ence on the third day of FA experiment and it was
0.02 [mM]/Corg[g]. Methane concentration was the high-
est on 42nd day of FC experiment, when it reached
1.64 [mM]/Corg[g]. In all experiments, methane concen-
tration increased around 14th day of the incubation and
grew until the last day of the observation. Methane con-
centration in all experiments was in the range from 0.01
to 1.64 [mM]/Corg[g] (see Tab. 2). An average concentration
of methane in all headspace gas samples from the exper-
iments presented in [mM]/Corg[g] and it was 0.39 for FA
variant, 0.35 for FB, and 0.84 for FC. Carbon dioxide con-
centration uctuated from 0.01 to 0.31 [mM]/Corg[g] in all
experiments (see Tab. 2). An average concentration of CO2
in all headspace gas samples from the experiments pre-
sented in [mM]/Corg[g] and it was 0.17 for FA variant, 0.11
for FB, and 0.16 for FC.
3.3 Isotopic analysis of headspace gases
Isotopic composition of methane and carbon dioxide in
the collected biogas changed over time. In the FA variant
(see Fig. 4), at 20◦C, δ13C(CH4) ranged from −20.1h at the
beginning of the study to −30.0h at the end of the study.
Negative trend and decrease in value by nearly 10h from
3th day of incubation to 34th day with one episode of en-
richment in heavy carbon isotopes on 28th day of incuba-
tion has been observed. The value of δ2H(CH4) varied from
−370.3 to −253.6h. Negative trend and decrease in value
Figure 4: Time-dependent values of δ13C(CH4), δ13C(CO2), δ2H(CH4)
and pH in FA experiment.
by nearly 117h from 14 day of incubation to 28 day has
been recorded. Contrary to that, δ13C(CO2) values ranged
from +4.9 to +12.3h and also a negative trend and a de-
crease in the value of 7.4h from the 3rd day of incubation
to the 34th day has been observed.
In FB variant (see Fig. 5), where the incubation was
carried out at 30◦C, δ13C(CH4) values varied from −41.3
to −19.9h, δ2H(CH4) values ranged from −379.4 to
−294.5h, and δ13C(CO2) values varied from −10.0 to
+13.9h. In the case of δ13C(CH4), a negative trend and a
decrease in value by almost 15h from the 8th to 28th day of
incubation has been observed, followed by a change in the
trend and enrichment of the values in heavy isotopes by
over 20h to 42nd of incubation. Regarding changes in the
δ2H(CH4), a negative trend has been observed from 8th to
28th day of incubation and a decrease in value by 46h, fol-
lowed by a change in the trend and enrichment the values
in heavy isotopes of carbon by 9.5h up to the 42nd day of
incubation. In the case of δ13C(CO2), also a negative trend
and a decrease in value by nearly 24h from 4 to 20 days
of incubation has been observed, followed by a change in
the trend to positive and enrichment the values in heavy
carbon isotopes by 6.5h.
The FC variant (see Fig. 6), in which methane fer-
mentation proceeded at the highest temperature of 40◦C,
was characterizedby δ13C(CH4) values varying from−43.7
to −26.8h. δ2H(CH4) values ranged from −410.4 to
−380.0h, and δ13C(CO2) from −8.3 to +2.5h. In this ex-
periment, in the case of δ13C(CH4) and δ13C(CO2), a clear
negative trend and a decrease in the value of nearly 12h
and 11h respectively from the 14th to 28th day of incuba-
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Table 2: Characteristics of gaseous products from incubation experiments of agriculture substrates at dierent temperatures.
FA 20◦C FB 30◦C FC 40◦C
Biogas yield [mM]/Corg[g] 3.44 4.14 5.42
CH4 [mM]/Corg[g] 0.02 – 1.13 0.01 – 1.22 0.14 – 1.64
CO2 [mM]/Corg[g] 0.07 – 0.26 0.01 – 0.22 0.04 – 0.31
δ13C(CH4) [h] −30.0 to −21.1 −41.3 to −19.9 −43.7 to −26.8
δ2H(CH4) [h] −370.3 to −253.6 −379.4 to −294.5 −410.4 to −380.0
δ13C(CO2) [h] +4.9 to +12.3 −10.0 to +13.9 −8.3 to +2.5
Figure 5: Time-dependent values of δ13C(CH4), δ13C(CO2), δ2H(CH4)
and pH in FB experiment.
tion has been observed, and then change the trend to pos-
itive and enrichment the value in heavy isotopes by nearly
17h and 10.5h, respectively, until the 42nd day. Values
of δ2H(CH4), changed in a similar way, from the 14th to
the 20th day of incubation, a negative trend and a drop
in value by almost 12h has been observed, and then the
trend changed to positive and enrichment in heavy iso-
topes by over 30h, up to 34th day of incubation has been
observed.
4 Discussion
Maintaining kinetic equilibrium at individual fermenta-
tion stages is important for proper course of anaerobic
digestion. For this reason, it is crucial to ensure optimal
starting conditions for fermentation e.g. by providing the
right composition of fermentation solutions with an opti-
mal amount of nutrients for microorganisms [18]. In our
Figure 6: Time-dependent values of δ13C(CH4), δ13C(CO2), δ2H(CH4)
and pH in FC experiment.
experiment, C/N ratio of the substrates was 27.8 (see Ta-
ble 1), which is optimal for methane fermentation [19–21].
The other vital parameters of anaerobic digestion in-
clude VFA and COD. During the process, the production
of volatile fatty acids increases and intensies the bio-
gas generation. This enhances fermentation of the sub-
strates [22, 23].
In properly run AD, VFA are removed from each kg of
COD loads, and the biogas results from microbial activity.
High concentration of VFA may inhibit anaerobic diges-
tion [24].
A comparison of VFA and COD values at the beginning
and at the end of the experiment (see Table 1) showed a
signicant decrease in their concentration. At 20◦C VFA
and COD dropped by 86.8 and 87.1%, respectively, at 30◦C
the decrease was 87.0 and 96.7%, and at 40◦C it peaked at
91.5 and 91.8%. Data analysis indicates that the use of a
higher temperature of AD is associated with a decrease in
the concentration of VFA and COD as well as with increase
of the yield of biogas production (FA=84.5, FB=101.8 and
FC=133.3 dm3/kg VS).
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The TOC value decreased from 53.6% (SD 0.42) to FA =
34.3% (SD 0.27), FB = 33.9% (SD 0.87), FC = 33.5 (SD 0.14) at
the end of incubation. This indicated partial consumption
of organic carbon derived from the substrates during the
AD.
The inuence of the higher process temperature on
biodegradation of organic carbon from the substrates was
found. The degree of organic carbon consumption, deter-
mined on the basis of TOC, varied from 19.3 to 20.1% for
the lowest and the highest temperature (see Table 1). To
prove the above statement, ∆VS was calculated and it also
showed partial consumption of the substrates during fer-
mentation. Results varied from 23.0 to 25.8% between ex-
periments (see Table 1).
Plant materials most often used for anaerobic diges-
tion include agricultural substrates such as maize silage
and other plant silages, slurry, manure, or decoction dis-
tillers. Analysis of literature provides information about
carbon isotope composition of the above components (see
Table 3). In comparison with other raw materials, maize
silage (C4 photosynthesis plant product) is signicantly
more abundant in heavy isotopes of carbon and in our
study δ13C value was −12.8h, which is comparable with
literature indications [25, 26]. Other raw materials used in
AD in this study (cattlemanure) show that the composition
of the carbon isotope was −23.3h (see Table 1).
Table 3: Isotopic composition of substrates most frequently used
for AD.
Substrate δ13C [h] Reference
Maize silage −11.8 [25]
Grass silage −29.6 [25]
Slurry −27.0 [28]
Cattle manure −26.0 [29]
Distillery decoction −26.9 own data
In Table 1 shows the isotopic composition of the fer-
mentation mixture measured at the beginning (F) and
residue after the incubation at the end (FA, FB, FC) of AD.
Noticeable changes in δ13C as a result of microbial activ-
ity at dierent temperatures were observed. In each ex-
periment the residue after the incubation was depleted in
heavy carbon isotopes, which was similar to a report pub-
lished by Bucha et al. [29].
At the highest temperature (FC=40ºC) the dierence
between the initial and nal isotopic composition (∆13Cb-
e) of the fermentation solution was over 7h, while at the
lowest temperature (FA=20ºC) it was only 1h (see Table 1).
We expected a reverse tendency, i.e. enrichment of the
residue in heavy carbon isotopes as light isotopic com-
pounds reacts faster than heavier. However, this process is
often observed in case of degradation of single substrate
in closed system. In case of our incubation experiments,
the system was closed, but the organic substrates con-
sist of variety of compounds e.g. lignin, cellulose, other
constituents of plant organic matter. It is possible that
only the heavier fraction of the substrate organic matter
was decomposed, resulting in depletion in heavy carbon
isotopes. This should be studied on a molecular level by
means of e.g. GC-IRMS, GC-MS and HPLC.
Our results of isotopic analysis of carbon in methane
were between −43.7h (FC) and −19.9h (FB), which in-
dicated that methane originated from the decomposition
of acetic acid and/or oxidation processes [12]. Also, sta-
ble carbon isotopes in the products were signicantly en-
riched in heavy isotopes, which may be caused by bacte-
rial methane oxidation during incubation [45]. David L. et
al. [30] indicated importance of the isotopic distribution
when characterizing CH4 source. Therefore, we postulate
that this nding is probably due to a strong enrichment of
the substrate mixture with 13C (F) (see Table 1), and thus
carbon sources from which methane was formed [31, 32].
The isotopic composition of the primary organic matter
from which methane is produced, aects its nal compo-
sition in terms of isotope distribution [1, 45].
The value of δ2H in the methane generated as a result
of CO2 reduction varies from −250h to −150h, and via
the fermentation of acetic acid from −400h to −250h [12,
33]. Our results of isotopic analysis of hydrogen inmethane
ranged from −410.4h (FC) to −253.6h (FA). As men-
tioned above, these outcomes are indicative of methane
formation via acetoclastic reaction.
To conrmacetoclasticmethanogenesiswe calculated
the isotopic fractionation coecient betweenCH4 andCO2
using a formula proposed by Whiticar [12]:
αC = α13C(CO2-CH4)= (δ13C(CO2) + 1000)/(δ13C(CH4) +
1000)
value <1.06: pathway - acetic fermentation
values> 1.06: pathway - CO2 reduction
The α C mean values from the experiments FA-FC
ranged between 1.036 and 1.034, indicating predominance
of the acetic pathway (see Table 4).
As reported in the literature, in the freshwater sed-
iments the temperature is not a direct factor aected
the methanogenesis pathways [34]. The isotopic compo-
sition of CH4 is mostly dependent on carbon sources,
their availability andmicrobial processes. However, in our
experiments at higher AD temperature the isotope sig-
nal from the tested gas components is richer with light
isotopes (Table 4). Szynkiewicz et al. [33] indicate that
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Figure 7: Variability of δ13C(CH4) and δ13C(CO2) values in FA, FB and
FC experiments (all days).
temperature changes aect the activity of various groups
of methanogenic microorganisms, and thus changes in
the dominance of methanogenesis pathways can be ob-
served. In case of our experiments, the role of acetoclas-
tic methanogenesis pathway was dominant in all tem-
perature conditions, but the lower α13CCO2−CH4 fraction-
ation factor was observed at 30ºC and 40ºC (α13CCO2−CH4=
1.033 and 1.034, respectively), than at 20ºC (α13CCO2−CH4=
1.036). It should be pointed that maize silage is a substrate
rich in lactic acid, which can be used for acetate produc-
tion.DetmanA., et al. [35] suggested that the energyoutput
on lactate degradation to the substrates for methanogene-
sis is the lowest in comparison to e.g. oxidation of acetate,
butyrate, and propionate. So, attractiveness of lactate as
an intermediate during AD is the highest. In acetogene-
sis lactate is oxidized mainly to acetate, which is used for
methane production in acetotrophic pathway of methano-
genesis.
To better understand the processes occurring during
methanogenesis in the systems composed of many sub-
strates, a correlation between δ13C(CH4) and δ13C(CO2)
and between δ13C(CH4) and δ2H(CH4) (see Figure 7 and 8)
was also analysed.
Analyzing the correlation graph (see Figure 7), it is
clearly visible that with the application of a higher incuba-
tion temperature, the isotopic composition of both gases
presents increasingly lighter isotope values.
Isotopic composition of methane and carbon dioxide
shows the general tendency of enriching in time, both
Figure 8: Variability of δ13C(CH4) and δ2H(CH4) values in FA, FB and
FC experiments (all days).
gases in the light carbon isotopes, in each temperature
variant of the experiment. Surprisingly in the case of FB
and FC experiments, after the 30 days of incubation, we
can observe a sudden enrichment of both gases in heavy
carbon isotopes. Thismay indicate the substrate consump-
tion and switching the carbon source which has been de-
composed during AD process [8, 13]. The highest correla-
tion coecient r = 0.93 occurred for the FC variant and
there are statistically signicant dierences p = 0.02 (see
Figure 7). This proves stability of the process at 40◦C as
well as may also indicate that the process was carried out
with one path of methanogenesis.
Interpretation of correlation between δ13C(CH4) and
δ2H(CH4), it’s more complicated (see Figure 8). Neverthe-
less, a similar tendency to the one described above can be
noticed. It can be seen that the values of carbon andhydro-
gen in methane, with increasing temperature of incuba-
tion are more depleted in heavy isotopes. In addition, par-
ticularly for the experiment FB and FC, it can be observed
depletion of methane in heavy isotopes of carbon and hy-
drogen in the early days of incubation until the about 30
days, where the values abruptly change their course. The
authors explain this by switching the source of carbon in
digestion residues from which methane was generated.
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Table 4:Mean values of the isotopic composition of headspace gas.
Experiment δ13C(CH4) [h] δH(CH4) [h] δ13C(CO2) [h] α13CCO2−CH4
FA=20ºC −26.4 −311.6 8.9 1.036
FB=30ºC −29.7 −354.0 3.7 1.033
FC=40ºC −35.4 −398.5 −2.3 1.034
5 Conclusions
In the course of a well-designed AD, the yield of bio-
gas production rose along with temperature increase (FA
20ºC=3.44, FB 30ºC=4.14, and FC 40ºC=5.42 [mM]/Corg[g]).
At the highest temperature of anaerobic digestion the con-
sumption of organic carbon from the fermentationmixture
was also the highest and amounted to 20.1% for TOC and
25.8% for VS.
Isotopic composition of maize silage was enriched in
13C. This could aect the isotopic composition ratio of the
gases generatedduringAD.Weobserved enrichment of the
fermentationmixture and the gas products in 13C. The iso-
topic composition of carbon in methane depends on the
degree of selective decomposition of substrates and the
share of individual components in total methane produc-
tion.
At the highest experimental temperature we noted the
highest isotopic fractionation of the fermentation mixture
ofmore than 7h, as comparedwith its initial and nal iso-
topic composition.
Isotopic studies allow us to identify methanogenic
pathwayswith highprobability. HigherAD temperature re-
sulted in the enrichment of gas products in light carbon
andhydrogen isotopes.Ourndings indicate thatmethane
was generated in the acetoclastic pathway. The calculated
carbon isotopic fractionation coecient between CH4 and
CO2 also indicated this type of methanogenesis.
It was observed that during the fermentation of acetic
acid, as the temperature of the experiment increased, the
isotopic fractionation between CH4 and CO2 was lower.
We found no strong correlations between δ13C(CH4)
and δ13C(CO2), for bioreactors FA and FB, which may re-
ect complexity of the AD process. The correlation coe-
cient value turned out to be signicant only for the highest
incubation temperature (r= 0.93).
Performing an isotopic mass balance could provide
additional insight and will be the subject of our future re-
search. Moreover, as the biomass we used for AD consists
of many potential and complex carbon sources, the ex-
periments should be supplemented with molecular level
studies involving simple carbon sources characteristic of
agricultural biomass as well as research in the eld of
genomics.
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